The expression of glutathione S-transferases alpha not express GSTA1 message, which was present at a high (GST␣) in human hematopoietic CD34
+ cells and bone level in liver, an organ relatively resistant to busulfan toxmarrow was studied using RT-PCR and immunoblotting.
icity in comparison to bone marrow. Similarly, baboon The GSTA1 protein conjugates glutathione to the stem cell CD34 + cells and dog bone marrow do not express GSTA1. selective alkylator busulfan. This reaction is the major pathHuman GSTA1 may be useful as a chemoprotective selway of elimination of the compound from the human body.
ectable marker in human stem cell gene therapy.
Human hematopoietic CD34
+ cells and bone marrow do
Keywords: glutathione S-transferase; CD34 + cells; busulfan; gene therapy A major obstacle of stem cell gene therapy has been the expressed enzyme to catalyze the reaction has been demonstrated. 11 low level of transduction in hematopoietic stem cells.
1
Following ex vivo transduction, the majority of stem cells Information on the presence of GST␣ proteins in bone marrow is lacking. We examined the expression of two remain untransduced and compete with the few transduced stem cells during engraftment. The competition highly homologous human isoforms, GSTA1 and GSTA2 in human bone marrow and CD34 + cells by RT-PCR. 12, 13 results in only a fraction of transduced stem cells being able to repopulate the marrow space. This competition We also evaluated the expression of GST␣ in liver and marrow of the dog and baboon, two animals which may with untransduced stem cells could be decreased by in vitro selection of the transduced cells before the infusion. serve as a model for gene therapy in humans. 14 A sample of human CD34
+ cell protein was examined by immunoIn vitro selection, however, has been shown to result in a substantial loss of stem cells and subsequent graft failblotting using GST␣ antisera. We report the absence of the 460 bp PCR band of GST␣ ure in large animals. To avoid stem cell loss during ex vivo selection, selectable markers such as the multidrug class mRNAs in total human bone marrow and CD34 + cells from two normal stem cell donors and one patient transporter MDR1 gene, 2 drug metabolizing enzymes 3, 4 or cell surface antigen CD24 5 have been used. with non-Hodgkin's lymphoma, as assessed by RT-PCR ( Figure 1a ). Although we did not examine a pure stem The application of chemotherapeutic agents to boost the relative level of transduced stem cells after transplancell population, the result implies the lack of GST␣ message in stem cells. The large amount of RNA template (100 tation by means of killing the untransduced cells is also visualized. Ideally, the drug used with a chemoprotective ng) used to synthesize the first strand of DNA and the 50 cycles of PCR amplification used, would detect very selectable marker would be highly specific towards untransduced stem cells with minimal toxicity towards low levels of GST␣ transcripts. The limit of detectability of GST␣ in human liver was 0.5 ng of total RNA temother cells.
There is an extensive clinical experience in the use of plate, therefore, the expression of GST␣ in CD34 + cells, if it occurred, had to be at least 200 times lower than in busulfan for myeloablation of patients undergoing bone marrow transplantation. This experience shows that bushepatocytes. The leukemia cell lines HL60, K562 and KG1 were also negative for GSTA1 and A2 transcripts ulfan is selectively toxic toward hematopoietic stem cells. 6 Busulfan kills nondividing stem cells, as does total (Figure 1b) . The GST␣ and the GAPDH genes of the dog or baboon body irradiation.
7 Conjugation of busulfan with reduced glutathione is the primary route of its metabolic eliminhave not been sequenced. Therefore, we used primers based on human sequences to probe the expression of ation.
8, 9 The reaction is catalyzed by human glutathione S-transferases (GST); specifically, the GSTA1 protein has these genes in animal tissues assuming a high level of homology among the species. In our experiment, the been identified as the most metabolically efficient among major human isoforms. 10, 11 The activity of the cDNAsizes of the PCR products representing GST␣ and GAPDH messages were identical in the three species (Figure 1a) . The dog and baboon lack the GST␣ in their total bone marrow or CD34 + cells, respectively. As into a mouse fibroblast and human leukemia cells has been achieved. 16, 17 Both the dog and baboon are suitable large animal models for selection of transduced stem cells ex vivo and in vivo using vectors conferring expression of GST␣ followed by treatment with busulfan. The retrovirus-mediated gene transfer of the rat GST-Yc
